Abstract The conventional double-probe technique was improved with a combination of selfpowering and radio-frequency (RF) choking. RF perturbations in dual-frequency capacitively coupled discharge were effectively eliminated, as judged by the disappearance of self-bias on the probes. The improved technique was tested by spatially resolved measurements of the electron temperature and ion density in both the axial and radial directions of a dual-frequency capacitive plasma. The measured data in the axial direction were compared with simulation results, and they were excellently consistent with each other. The measured radial distributions of the ion density and electron temperature were influenced significantly by the lower frequency (LF) power. It was shown that superposition of the lower frequency to the higher frequency (HF) power shifted the maximum ion density from the radial center to the edge region, while the trend for the electron temperature profile was the opposite. The changing feature of the ion density distribution is qualitatively consistent with that of the optical emission intensity reported.
Introduction
Having the advantage of independent control of ion energy and ion flux, dual-frequency (DF) capacitively coupled plasmas (CCPs) are increasingly employed in the microelectronics industry for etching and deposition of thin films [1∼3] . For these applications, one of the most practical concerns is the uniformity of the plasma, because it has a direct relation to the consistency of processing over the wafer [4∼9] . In conventional plasmas (other than DF CCPs), plasma uniformity can be conveniently evaluated by spatially resolved measurements of plasma parameters using a Langmuir probe [10] . However, in DF CCPs, it is generally considered difficult to use this technique for that purpose, because the radio frequency (RF) perturbations in these cases, which consist of abundant harmonics derived from the separated basic frequencies, invalidate the usual compensation techniques effective to single RF perturbation [11∼13] and lead to wrong results (regardless of the exceptions that the higher frequency is a multiple of the lower one [12] , or the RF power is small [14] ). On the other hand, other diagnostic techniques having the spatial resolution function may not be satisfactory. For instance, spatially resolved optical emission spectroscopy can provide only qualitative results [5, 7, 15] ; the negatively fix-biased probes array [4] has only a single function of measuring the ion-flux to the grounded electrode, and it also has to be fixed on the grounded electrode, so it is difficult to transfer it to other setups as is often required. The recently developed "hairpin probe" [16, 17] measures only the electron density, and the spatial resolution may not be satisfied due to its several-centimeter-long probe tip.
One may consider the double-probe technique as a solution to the problem, because it can work independently of the discharge ground, and thus may be less perturbed in RF discharges. However, ANNARATONE et al. has shown that it may not be true: in their experiments with single RF discharge, the double probe without RF compensation gave incorrect results due to an additional self-bias on the probes [13] . Therefore, further considerations must be required in order for the double probe to be used in single RF as well as DF discharge.
We considered that the self-bias on the probes in RF discharges is due to RF coupling by stray capacitance between the probe circuit and the discharge ground. The stray capacitance may exist in the power converter (or adapter) of the probe system, which connects to the AC power line, and the space between the probe circuit and the discharge ground. If the stray capacitance is sufficiently reduced, or the RF coupling route is blocked, e.g., by RF chokes, the RF perturbation may be eliminated, and the double probe may be used in both single RF and DF plasmas. Based on this consideration, we improved the double-probe system with self-powering to avoid RF coupling through the power adapter and AC power line to the discharge ground. In addition, RF chokes tuned at the two basic RF frequencies of the discharge were used to further block RF coupling through space stray capacitance. By doing so, RF perturbation was effectively eliminated, as judged by the disappearance of the self-bias on the probes. Spatially resolved electron temperature and ion density were measured in both the axial and radial directions. They were well consistent with the numerical simulation results and the reported optical emission observations.
Experimental setup
A schematic of the probe system is shown in Fig. 1 . It was composed by a double probe and its serving system including a notebook computer, a data-acquisition (DAQ) card, and a bias driver. RF chokes, tuned at the two basic frequencies of 60 MHz and 2 MHz, were inserted between the probes and the serving system, the impedance character of which is shown in Fig. 2 , measured with an R&S ZVL6 network analyzer. When working, a scanning voltage signal within ±10 V was generated by the DAQ card, amplified by the bias driver by a factor of 10 and applied on the probes. The probe characteristic was acquired by the DAQ card and analyzed by the computer. The voltages up to ±100 V required for biasing the probes came from DC-DC conversion of the 5 V power from the USB port of the computer. Thus all power for the probe system to work can be provided by the battery of the notebook computer (self-powering), independent of the AC power line. This is the key point of the technique to avoid RF coupling through the route from the AC power line to the discharge ground. In addition, the RF chokes further blocked RF coupling to the probes through space stray capacitance. The discharge chamber is also shown in Fig. 1 , schematically. The upper electrode, which was 210 mm in diameter, was driven by 2 MHz / 60 MHz DF power, while the lower electrode, which was 150 mm in diameter, was grounded. Pure Ar gas (99.999%) was used for discharge in all experiments. Details of the setup are described elsewhere [15, 18] . The double-probe was made up of two 0.2 mm thick tungsten wires, each covered by an alumina tube (1 mm in outer diameter) with the 3 mm long tip exposed to the plasma. It was set parallel to the electrodes and moved axially or radially for spatial resolved measurements. The electron temperatures and ion densities were calculated from the I-V characteristics using the standard analysis method for the double-probe [19] .
3 Experimental verification 3.1 Elimination of RF perturbations Fig. 3(a) and (b) show the DC component of the potentials of the non-biased probe with respect to the discharge ground in single-RF (60 MHz) and dual-RF (60 MHz + 2 MHz) discharges of various powers, respectively, under various conditions of self-powering (using the battery) or AC-powering (using the adapter connected to the AC power line) of the probe system with/without RF choking. The Ar pressure was fixed at 5.2 Pa in these cases. The potentials of the floating probe (without connecting the probe to the serving system) are also shown in the figure for comparison, which were lower in the single-RF discharges Fig. 3(a) than in the dual-RF discharges Fig. 3(b) . All data in Fig. 3 were obtained using a Tektronics TDS2022B oscilloscope with 10 MΩ input resistance. According to ANNARATONE et al. [13] , RF perturbation to the nonbiased probes appears as lowering of the probe potential with respect to the plasma floating potential due to the self-biasing mechanism. The lowering of the probe potential can be seen clearly in both Fig. 3(a) and (b) for the cases of AC-powering with/without the RF chokes and self-powering without the RF chokes, suggesting the existence of RF perturbation in these cases. On the other hand, lowering of the probe potential was not observed in the case of self-powering together with RF choking. In Fig. 3(a) , the probe potentials with self-powering together with RF choking are even higher than the potentials of the floating probe, the exact reason of which is not yet clear. We assume that in the discharge using a very high frequency of 60 MHz, RF voltage may even couple through the floating probe (though weak) so that the probe potential was self-biased below the plasma floating potential V f , while the RF choking blocked this coupling and drew the probe potential back to V f . The data in Fig. 3 indicates the effectiveness of the technique with self-powering and RF choking in eliminating the RF perturbations to the probes in both single RF and DF discharges. Fig. 4 further shows what difference the RF perturbation caused in the double-probe characteristics obtained in a DF discharge. The data were measured in 5.2 Pa Ar discharge with both higher frequency (HF) and lower frequency (LF) powers of 100 W. In the measurements, the probes were scanned from −30 V to 30 V with a fixed step of 0.5 V, and the probe voltage and current at each bias voltage were averaged from 500 measurements for high precision. It can be seen in Fig. 4 that the RF perturbation influenced not only the saturation ion current as described by ANNARA-TONE et al. [13] , but also the slope of the curves at the origin which have a relation with the electron temperature. The electron temperatures and ion densities calculated from the characteristics in Fig. 4 are listed in Table 1 , showing that the RF perturbation resulted in lower electron temperatures and higher ion densities. [20] results for comparison. The positions z = 0 cm and 2.5 cm in the figure correspond to the surface center of the upper and lower electrode, respectively. The experimental and simulation results are excellently consistent with each other in the main features of the electron temperature and ion density profiles: the electron temperature changed little in the middle region and began to increase when getting close to the electrodes Fig. 5(a) ; while the ion density was highest around the mid point and decreased toward the electrodes Fig. 5(b) . On the other hand, contrastive to the simulation results, which were symmetric with respect to the axial center, both the electron temperature and ion density measured showed small asymmetry. This is an expected result because the electrodes were different in diameter, with the larger (d = 21 cm) being at z = 0 cm and the smaller (d = 15 cm) being at z = 2.5 cm, so that the sheath was thicker at the smaller electrode side. This feature may not be shown by the simulation because the electrode sizes are not included in its one-dimensional model. Radial profiles of the ion density and electron temperature were investigated with respect to the LF power, as shown in Fig. 6 . The HF power was fixed at 60 W, and the Ar pressure and the interval between the electrodes were set at 7 Pa and 3 cm, respectively. The LF power exhibited a significant effect on the radial distributions of the ion density and electron temperature. It can be seen that superposition of the lower frequency to the HF power shifted the maximum in the ion density profile from the radial center to the edge region, while the trend for the electron temperature profile was opposite. The changing feature of the ion density profile is qualitatively consistent with that of the optical emission intensity reported [15] .
Conclusion
The double-probe technique improved with selfbiasing and RF choking showed immunity to RF perturbations in both single RF and DF discharges. Spatially resolved measurements of the ion density and electron Fig.6 Radial profiles of (a) ion density and (b) electron temperature in 60 MHz + 2 MHz dual-RF discharges of various LF powers, with the HF power being fixed at 60 W. The position r = 0 cm is on the axis of the discharge temperature were executed in both axial and radial directions in the discharge space. The measured axial distributions of the ion density and electron temperature were excellently consistent with the simulation results. The measured radial distributions of the ion density and electron temperature were influenced significantly by the lower frequency (LF) power. Superposition of the lower frequency to the higher frequency (HF) power shifted the maximum ion density from the radial center to the edge region, while the electron temperature changed in the opposite manner. The changing feature of the ion density distribution is qualitatively consistent with that of the optical emission intensity. 
